Extra relativistic degrees of freedom without extra particles using Planck data 
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A recent number of analysis of cosmological data have shown indications for the presence of 
extra radiation beyond the standard model at equality and nucleosynthesis epoch, which has been 
usually interpreted as an effective number of neutrinos, A^eff > 3.046. In this work we establish 
the theoretical basis for a particle physics-motivated model (Bound Dark Matter, BDM) which 
explain the need of extra radiation. The BDM model describes dark matter particles which are 
relativistic at a scale below a < ac, these particles acquire mass with an initial velocity, Vc^ at scales 
a > ttc due to non-perturbative methods, as protons and neutrons do, this process is described by 
a time dependent equation of state, cjbdm(tt)- Owing to this behavior the amount of extra radiation 
change as a function of the scale factor, this entail that the extra relativistic degrees of freedom 
A^ex may also vary as a function of the scale factor. This is favored by data at CMB and BBN 
epochs. We compute the range of values of the BDM model parameters, Xc = acVc, that explain the 
values obtained for the '^He at BBN and A^eff at equality. Combining different analysis we compute 
the value Xc — 4.13(14^3) ^ 10~^ and Vc — 0.371q ^7. We conclude that we can account for the 
apparent extra neutrino degrees of freedom A^ex using a phase transition in the dark matter with a 
time dependent equation of state with no need for introducing extra relativistic particles. 

PACS numbers: 95.35.+d, 95.30.Cq, 98.80.Cq 

Keywords: Dark Matter, Extra Radiation, Dark Radiation 



I. INTRODUCTION 

In recent years, precision measurements have reveal 
an incredible amount of information to describe the Uni- 
verse, inter alia, the fluctuations in the cosmic microwave 
background (CMB) radiation [l|, Q, the type la super- 
nova Q, the large-scale structure (LSS), and the baryon 
acoustic oscillations (BAO)i. 

Cosmological observations are systematically consis- 
tent with the standard model of cold dark matter (CDM) 
with a cosmological constant driving an accelerated ex- 
pansion of the universe. Nevertheless, there are few unre- 
solved issues, aside from the nature of dark matter (DM) 
and energy, that could be evidence of physics beyond the 
paradigm of CDM, some of them are the large amount 
of substructure and the incompatible cuspy energy den- 
sity profile for the galaxy DM halo predicted by CDM 
framework. Another problem is the amount of radiation 
in the Universe, therefore, the expansion rate at the early 
Universe. 

Among the fundamental observables that describe the 
universe lies the redshift of equivalence, Zeq^ the moment 
when the energy density of matter and radiation were 
equal. This equality epoch is relevant in structure forma- 
tion and it also affects the early Integrated Sachs- Wolfe 
(ISW) effect constrains the value of the matter-radiation 
equality. The later the equality epoch is, the more the 
ISW effect CMB photons receive. The early ISW effect 
is actually a directly constraint via the ratio from the 
first and third peak of the CMB spectrum [5] , therefore 
we can compute the amount of radiation at equality if we 
know the amount of matter in the universe and viceversa. 

The radiation energy density at equality epoch is given 
by photons and neutrinos. The standard model neutrino 
species contributes A^^^ = 3.046 degrees of freedom [6|. 



However recent analysis of the Planck [l| data, WMAP 
[H, Atacama Cosmology Telescope 0], the South Pole 
Telescope |8j], the Sloan Digital Sky Survey (SDSS) data 
release 7 (DR7) [1, |l^ and several other analysis [ll|, [l2[ 
have reported indication that the effective degrees of free- 
dom, A^eff = + Nex^ could be greater than the ex- 
pected, A/gfT > Nj^. The value of A^eff obtained before 
Planck data had an Nex > at la and consistent with 
Nex = at 2(7 = however the new Planck data has an 
Nex = at Icr but the central value hints for a small 
amount of extra relativistic degrees of freedom. It is 
worth noticing that there is a tension between the value 
of the Hubble constant Hq (in units of kms~^Mpc~^) 
with Ho = 67.3 ± 1.2 for Planck (l|, i^o = 70.0 ± 2.2 for 
WMAP9 and Ho = 74.8±3.1 for Cepheids+SNela [|, 
and the value of A^eff depends strongly on it. The larger 
Ho the more amount of relativistic degrees of freedom 
is required. In order to have a wider scope we present 
our results using different set of data. This means that 
the amount of radiation prior the epoch of decoupling 
seems to be more than the expected {pr > pr)^ where 
pr = pr Pex and Pex identifies an extra relativistic com- 
ponent. 

Additionally, recent studies find a somewhat higher 
^He abundance of 1^ > 0.25 [H, [H, Q also suggesting 
a novel radiation during the Big Bang Nucleosynthesis 
(BBN) epoch. In both cases the extra relativistic com- 
ponent is parameterized as extra neutrino degrees of free- 
dom as function of the neutrino temperature. The value 
of A^eff obtained from data analysis gives a larger value 
at BBN than that at equality. In a CDM scenario, extra 
relativistic particles give a constant contribution to A^eff- 

Constraints on A/'eff > N^, can be interpreted as the 
existence of radiation energy beyond the standard model. 
In the literature there are different proposals in order to 
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explain the extra radiation, some of them propose the 
existence of new particles, for instance sterile neutrinos 
[m, [m , or proposing that the radiation is a relativistic 
product of a massive relic particle pjl-IToj. We also know 
that A/'eff cannot be accounted by statistical effect alone 

Here we are going to propose a different interpretation 
of the extra radiation, we shall see that a model named 
Bound Dark Matter (BDM) [20], where the DM parti- 
cles go through a phase transition, can well explain the 
need for an extra component without introducing new 
particles. The BDM model consists in DM massless par- 
ticles above a threshold energy (Ec) and these particles 
acquire mass at Ec due to non-perturbative methods, as 
protons and neutrons do, and their mass is related to 
its binding energy. We expect this transition to be be- 
tween an energy of MeV and eV scales, i.e. between BBN 
and matter-radiation equality epoch. If Ec > MeV then 
BDM would reduce to CDM and for Ec < ^eq = 0{eV) 
there would be no DM to account for structure formation. 

We expect that the BDM model describes relativistic 
particles at BBN epoch and below Ec this particles go 
through a phase transition between radiation and mat- 
ter described by a time dependent equation of state (EoS) 
and this particular behavior allow us to understand the 
inconsistency in the number of degrees of freedom of neu- 
trinos at equality and BBN epochs by predicting that 
the amount of extra radiation change as function of the 
scale factor, if this extra radiation is written in terms 
of the neutrino radiation this means that the neutrino 
relativistic degrees of freedom will also be a function of 
the scale factor. However, since we expect that the BDM 
phase transition takes place at energy scales Ec ^ Eeq 
the amount of extra degrees of freedom for BDM is small 
in accordance with recent Planck data, see Fig(TJ We also 
expect that the transition of the BDM particles influence 
the CMB power spectrum by changing the time when 
matter-radiation equality holds. Furthermore, BDM can 
reduce the amount of substructure predicted by CDM 
(2Q| and have a DM with a core galaxy profile (2Ql-[22j, 
thus avoiding the CDM problems. 

In this paper we present in Sec. [Ill the theoretical 
framework to compute the matter-radiation equality for 
the standard CDM and BDM scenario. Current observa- 
tional evidence also suggests extra radiation at the BBN 
epoch, we explore the possibility that the BDM particles 
also account for such an excess in Sec. Illli We compute 
the range of values of the free parameters of the BDM 
model using published values of A^eff in Sec. |IVl Finally, 
our conclusions are discussed in Sec. |Vl 



II. FRAMEWORK 

The growth of structure formation and cosmological 
observational data show that the scale factor at matter- 
radiation equality may be different (larger) than the one 
of the standard CDM scenario with no extra particles. 
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FIG. 1: Plot of the extra relativistic degrees of freedom, 
A^ex(a), as a function of the scale factor using data from 
Planck. The BDM particles goes through a transition at the 
a = ttc expected to be smaller than the equality ac < o-eq- 
Before this moment the BDM particles behaves as pure radi- 
ation. After the transition the amount of radiation given by 
the BDM particles is given by Eq. (jl2|) . This means that the 
extra degrees of freedom remains constant before the transi- 
tion, and after that decrease as a function of the scale factor, 
c.f. Eg.ifTTT). 

This can be achieved having extra relativistic particles 
in a CDM model or by having a time dependent EoS 
for DM as in our BDM model. We will present here a 
novel and simple way to compute the epoch of matter- 
radiation equality, also valid when the EoS of DM is time 
dependent, as is the case for the BDM model. 

1. CDM Scenario 

First let us present the standard CDM scenario, where 
DM is given by a massive particle with vanishing disper- 
sion velocity at scales relevant for structure formation. 
In this scenario we have a non-relativistic energy density 
given by the baryons(6) and CDM, pm = pb Pcdmi and 
the relativistic particles at energies below neutrino de- 
coupling are the photons (7) and neutrinos {v) with an 
energy density given by 

= (1 + a7Veff)P7 (1) 

where we use the relation Tj^ = (4/ll)^/^T^ derived from 
the entropy conservation across the electron-positron an- 
nihilation and a = (7/8)(4/ll)'^/3 0.227. If we have 
extra degrees of freedom it is common to parameterized 
them using A^eff = ^i/+^ex, where Nj^ = 3.046 is the neu- 
trinos degrees of freedom and A^ex accounts the amount of 
extra radiation. In the CDM framework considering no 
extra radiation the equality epoch is {aeq/ao = pro/pmo)- 
It is clear that if we have more relativistic degrees of free- 
dom the equality epoch aeq (with aeq/cto = Pro/pmo), will 
change to 

Oeq _ Pro _ 1 + QfA^eff _ ^ Q^^Vex 
tteq Pro 1 + <^Nj, 1 + aNj, ' 
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FIG. 2: Plot of A^ex and a,eq/aeq as a function of 
Eq. (jlO|) and using Planck data, c.fiTT] The colored region 
represent two-dimensional (68%, 95%) contours marginalized 
over flmo- The thick line represents the central value obtained 
with the data. We expect ac <C aeq and therefore our EDM 
would only be able to account for a small amount of Nex- 



where pr = pr^ ocN^^p^ is the relativistic energy density 
including the extra radiation. Clearly, if the measure- 
ments give a larger scale factor at equality, agq > agq, 
we would then have extra degrees of freedom, TYgx ^ 
(^eff ^ Njj) and the equality holds for A^ex = 0. 

Before presenting the second scenario where DM is 
given by BDM instead of CDM let us determine the value 
of the full EoS given by the total energy density (ptot) 
and pressure (Ptot), ^tot = Ptot/ptot- For simplicity we 
will assume that the contribution of Dark Energy (DE) at 
matter-radiation equality is negligible and we do not ex- 
pect it to play a significant role in our analysis, of course 
different DE models, such as early DE, could also be 
studied. The equation of state, co'tot, of a fluid consisting 
of relativistic and matter (cold) particles as function of 
the scale factor is 



^tot 
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Pr/3 
Pr + Pn 
__Pr/3_ 
pr + Pn 



1 a, 



3 a, 



eq 



eq 



1 a, 



3 a, 



eq 



(3) 
(4) 



eq 



Notice that cjtot = 1 /6 at equality a = agq and cjtot = 1/6 
at a = tteq. We propose to use this alternative criterion to 
define the equality between matter and radiation epoch 
which is very useful when particles do not have a constant 
EoS at this time. This is the case for our BDM model 
where the particles are in transition between c^bdm = 1/3 
and cjbdm = 0. 



when Phdm{cic) = Pc = • At this time the particles ac- 
quire mass through non-perturbative phenomena, as pro- 
tons and neutrons do in QCD. Below the scale a < ac (or 
Pbdm > Pc) they are relativistic (c^bdm = 1/3) massless 
particles. Above the scale a > ac the EoS of BDM is time 
dependent and goes from the values cjbdm(<^c) < 1/3 to 
^bdm ^ for a > ac. 

For simplicity we will take these particles to have an 
average momentum and average energy (E) so that 



the pressure becomes P 



^)/3{E) and the energy 



density p = (E) n, with n the particle number density. 
The EoS for BDM becomes then 



^bdn 



^ 1 /VcOcy 

~ 3\ a J 



(5) 



where vi^^m is the average velocity of the BDM particles, 
and we have taken into account that in a Friedmann- 
Robertson- Walker background the velocity redshifts with 
the scale factor as 



Vbd7 



(6) 



The last equation contains two free parameters, the acale 
factor at the transition ac and the velocity of the dark 
particle at that moment, The quantity Vc^ with 

< Vc < 1^ gives the initial speed of the particles af- 
ter the BDM phase transition reflecting the fact that the 
BDM particle mass has a non perturbative origin and the 
resulting velocity may be suppressed in comparison with 
the speed of light VMmif^c) = '^c < 1- This is one of the 
main differences between BDM particles and a standard 
relativistic particle with a (perturbative) mass m which 
becomes non-relativistic dX uo = T/m (e.g. at a = ac) 
with V = 1. Clearly our BDM reduces to standard CDM 
when ttc ^ (with v ^ {)) therefore cJbdm 0, and 
BDM particles become cold for a ^ ac and again we 
have V ^ and c^bdm ^ 0. On the other hand, BDM 
reduces to a standard particles becoming nonrelativistic 
at ac \i Vc = 1- 

Using eq.© we can integrate p = —3H{p + P) to ob- 
tain an analytic form for Pbdm(^i) which describe the tran- 
sition of a radiative fluid becoming a matter-like parti- 
cles. Thus, it allows one to compute the evolution of the 
expansion rate and cosmological distances easily. 



Pc\ — ] , w = 1/3 



Phd 

Pbdm =Pcdmf{o) 

f{a) =exp 



for a < ac 

for a > ac (7) 
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2. BDM Scenario 

Let us now present the second scenario where we use 
our BDM model as DM. The particles of the BDM model 
go through a non-perturbative phase transition at a = ttc 



with Pcdm = Pcdmo (^/tto) , and Pbdmo Pcdmo 

is the amount for DM density today, and 



Pdn 



Ec — Phdn 



an 



(8) 
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TABLE I: We present previous results of different surveys when they considered the effective 
degrees of freedom of the neutrino A^eff and/or the primordial helium Yp as free parameter. The 
dash means that they consider the fixed value of 1^ = 0.24 and/or A^eff = 3.046. We also show 
the derived value N^^^ assuming that the extra radiation was in thermal equilibrium with the 

photons. 



^eq ^ eff 

Planck«+ 0.308 ± 0.010 3366 ±39 

Planck«+7Veff 0.304 ±0.011 3354 ± 42 3.30 ± 0.27 

Planck^+Fp 0.306 ±0.011 3373 ±40 - 0.267 ±0.020 

Planck;+ TVeff + Yp . . 0.305 ± 0.011 3365 ± 53 3.19l^-j^ 0.260l^;^^^ 

Planck^+ TVeff 0.296 ± 0.010 3329 ± 38 3.52 ± 0.24 

WMAP9- 0.287t^;^^^ 3318 ± 55 3.55t^-j^ ^-^^^-omt 

ACT^ 0.29 ±0.01 3312 ± 78 3.50 ± 0.42 0.255lo i{ 

SPT^ 0.28 ±0.02 3267 ±81 3.86 ± 0.42 0.296lH^ 



^ This results considered Planck+WMAP9 Polarization(WP)+high-^ Planck temperature 

(highL)+BAO combined data. [1]. 
^ This results considered Planck+WP+highL+BAO+HST combined data. [l|. 
^This results considered WMAP9+ACT+SPT+BAO+HST combined data. 0. 
^ Takes into account ACT+WMAP7+SPT+BAO+HST EJ- 
^ Combined data of SPT+WMAP7+BAO+HST [8]. 



where we have used that f{ac) = /|a=ae — exp['u^/2], 
since co'bdm(<^c) = and we have taken ac <C ao, and 
/(ttc) is now only a function of Vc- 

It is naive to think that the matter-radiation ratio at 
early ages can be computed by a simple extrapolation 
of today's values because we are proposing a DM phase 
transition with a time dependent c^bdm- Hence, we can- 
not say that matter-radiation equality is when pr = pm 
but instead we define equality when the total EoS is 
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FIG. 3: In the left panel we show the marginalized two- 
dimensional (68%, 95%) contour in the Xc - Zeci plane using 
Planck results, c.f. Tabl^H] The C.L. are trimmed with the 
respectively la and 2a errors of Zeq. The dependance on Xc is 
due to the la (dashed) and 2a (dotted) on flm- The point is 
the central value. In the right panel a similar two-dimensional 
contour is seen for the Xc - ^mo plane where the C.L. are 
trimmed with the respectively la and 2a errors of Qmo, and 
the dependance on Xc is due to the la (dashed) and 2a (dot- 
ted) on Zeq. 



^tot = 1/6, as discuss in Eq.(j3j), that overcomes the fact 
that cjbdm is a function of a. Therefore in the case of the 
BDM we have, 



^tot(<^) 



Pr/3 ± C^bdmPbdm 
pr ± 

1/3- 



Pb ± Pbd: 



-(^hdm{a)f{a) 



(9) 



where we have used pmo = pbo ± Pbdmo, we have again 
neglected DE, and l^xo is today density parameter of the 
X fluid. We see that ujtot is a function of a and Xc through 
f{a^Xc) and co'bdm and this equation has to be solved 
numerically. We can rewrite Eq.(|9]) as, 



(1 - 3cJtot)/3cJt ot 



f (l — ^bdm ) _ I 
\ C^tot J 



(10) 



Defining matter-radiation equality for BDM at cieq when 
^tot = 1/6, which is also valid for the hmiting case of 
the standard model, we notice that the quantity (1 — 
3a;tot(<^eq))/3a;tot(<^eq) = 1- Also, it is interesting to note 
that tteq > aeq cau be obtained without introducing extra 
relativistic particles and due to the time dependent EoS 
of BDM particles. Notice that in Eq. (p!Q|) . c^bdm and /(a) 
depend on ac and Vc only through the combination Xc = 
VcCic. In the limit ^ we have c^bdm = 0, / = 1 and 
CLeq — (^eq, as in Standard CDM scenario with no extra 
degrees of freedom. 

The connection between BDM and extra relativistic 
degrees of freedom at an arbitrary scale factor a is easily 
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achieve using Eq.(j2j) and ([TO]), which yields 
1 + aN^ ( a 3cJtot(«) 



A^ex(a) 



1 - 3a;tot(<^) 



(11) 



and at equahty we have cjtot = 1/6 and A^ex(^eg) = 
(aeg/tteq - l)(l + aN^) / a. The Eq.([ni) should be inter- 
preted as giving an apparent number of extra relativistic 
particle TYgx at equality, even though we have not intro- 
duced extra particles, is due to the effect of a time de- 
pendent EoS for DM, i.e. for BDM. The iVex without the 
"tilde" is for CDM scenario and it is constant by assump- 
tion. Because the BDM particles behaves as radiation 
before the epoch of the transition, a < ac, the apparent 
number of extra relativistic neutrinos must remain con- 
stant. After the transition Eq. (pT]) it is a function of the 
scale factor. This behavior is show in Figdl 

We can rearrange element of the last equation and ex- 
tract the contribution of the BDM particles to the cosmic 
radiation Pex(<^) = <^NQ^{a)p^{a) as a funtion of the scale 
factor 



0.34 
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/>ex(tt) 



1 - 3cJt. 



Pcdn 



Phdn 



1 



^tot 



■ (12) 



We expect the phase transition to be ac < aeq, there- 
fore our BDM would only be able to account for a small 
amount of N^x- We plot in Fig I2] the value of dec^/deq 
and A^ex as a function of Xc. The largest amount of 
A^ex as a function of Vc is given at = 1, and since 
Xc = Vcttc if we set Vc = I in Figl2] we have the upper 
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FIG. 4: In this plot we show the degeneracy between flmo 
and Zeq, in other words, different values of Qmo and Zeq can 
give the same Xc- The black line represent Xc = 4.13 x 10~^ 
while the dotted green line represent the ±lcr of Xc- The small 
(big) dotted circle represent the la(2a) C.L. between Zgq and 
Qmo- The gradient color represent the different values that 
one gets with a different combination of Qmo and Zeq ranging 
from Xc > 10-^ (blue) to Xc < lO'"^ (black). The black dot 
represents the central value. 
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At the BBN epoch, before decoupling, the standard 
model of particle physics establish that energy density 
consists of an equilibrium mixture of photons, relativistic 
(^c/cteqi and for example if ac/a^q = 1 pairs, neutrinos, and antineutrinos as constituents of 

this dominant component. With all chemical potentials 
set to zero the energy densities are related by thermal 
equilibrium so that the total radiation density may be 
written in terms of the photon density as p^^" = P7 + 
Pe± ^ pu = 43p^/8, p^^" = |A^ex^"P7 and ones has = 
Tj, at BBN. 

It is convenient to defined the non-standard expansion 
rate as 5, to account for the extra contribution to the 
standard-model energy density, as 



level Xa/cL^ 

we have a maximum amount of extra relativistic degrees 
of freedom A'ex = 6.15, for ac/aeq = 0.2 it reduces to 
A'ex = 0.37 while for ac/aeq = 0.1 we find A^ex = 0.09. 
The moment of the transition Xc can be determined by 
CMB observations by the amount of matter, 1^^, and 
equality epoch, and in Figl3] we show the 68% and 
95% confidence level (C.L.) of Xc considering Planck data. 



III. BBN 

In the previous section we considered the observational 
results that extra radiation beyond the standard model 
is imprinted in the CMB [2]. Now, we explore the possi- 
bility that the BDM particles account for such an excess 
at BBN. The BDM particles can change the prediction 
of BBN for the abundance of the light elements, such as 
helium and deuterium by changing the radiation density 
at that epoch thereby increasing the expansion rate of 
the Universe during this stage of the Universe. 

The ^He is very sensitive to the competition between 
the weak interaction rates and the expansion rate which, 
during the radiation dominated evolution is fixed by the 
energy density in relativistic particles. As a result ^He 
abundances tests the standard model and provides one 
of the strongest constraints on Xc = acVc- 
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bbn 



bbn 



1 + T^^ex 

43 



(13) 



for the standard CDM considering extra radiation. This 
extra component is modeled just like an additional neu- 
trino though we emphasize that the extra need may not 
be an additional fiavors of active or sterile neutrinos it is 
just additional relativistic degrees of freedom. 

The following simple fits to the ^He mass fraction are 
quite accurate and takes into account the nonstandard 
expansion [23,, 2M ^ 

Yp = 0.2485 + 0.0016 [(r^io - 6) + 100 {S - 1)] (14) 

where 7710 = 273.9Q})h^ is the baryon to photon ratio. 
The last equation is the connection between the neutral 
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hydrogen, the BDM model, and the extra relativistic de- 
grees of freedom at the time of BBN, N^^"". If 5' 7^ 1 
{N^^^ > 0) it is an indication of new physics beyond the 
standard model. 

Using the values of l^^n, ^eq we can determine the value 
of A^ex(^eq) cit equality (c.f. Eq.([2])) and with Yp we 
constrain N^^"" at BBN (c.f. Eq.([l3l)). From the Ta- 
ble |I] we can see that the central values for Planck^, i.e. 

Qm = 0.305, ^eq = 3365, Yp = 0.26, gives iVex(^eq) = 0.14 

at equality and N^^"" = 0.90 at BBN. Clearly the values 
of A^ex at equality and BBN are quite different and in 
a CDM scenario one should have a constant A/ex, i-e. 
N^^"" = 7Vex(^eq) = A^ex(ao), if the particlcs are stih 
relativistic at equality and/or at present time. How- 
ever, the value of N^^^ is very sensitive to Yp and 
AT^bn ^ Ne^izeci) = 0.14 requires an Yp = 0.2505. 

Let us now study the constrains on BDM from BBN. 
Since we expect that the phase transition of BDM takes 
place after BBN, the BDM particles are relativistic dur- 
ing the nucleosynthesis epoch. Using Eqs.([7j) and ([8j) we 
have for a < 
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FIG. 5: Plot of the extra relativistic degrees of freedom as a 
function of Vc- The thick line is Ney^idc) evaluated at the time 
of the transition, Eq.([lT]). The dashed hue is A^^^^^, Ea.lfTTI). 
The dotted line is the extra relativistic degree of freedom cor- 
respondent to the reported value of Yp, c.f. Eq. (jl3|) . The first 
line is derived from the extra radiation at the time of equality 
making c^tot = 1/6. The second line is from the constrains 
of the nonstandard expansion rate at the BBN epoch. In all 
cases we assume a fixed value for Xc = 4.13 x 10~^. The BDM 
model predict a value for Yp = 0.272 which is within the la 
error of the reported Yp = 0.26, see the discussion in Sec lIIII 
and IV] for more details. 



Therefore, the non-standard expansion rate become 

/ ~ \ 2 



Pbdn 



43 



(16) 



From Eqs. (p!3|) . (p!5]) and (p!6|) and using the fact that 
at BBN p^ = p^o{T^,hhn/T^oY with T^^hhn/T^o = 
{ao/a){go/ghhnY^^ and Qo/ghhn = 4/11 is the ratio of 
the degrees of freedom of the relativistic components in 
thermal equilibrium with the photons at present time 
{qo = 2) and just after neutrino decoupling (^bbn = 11/2) 



and before 



annihilation . Therefore we have 



bbn 



8 Pbdn 



1 + aN^ ^bdmo Clc ^2 



</2 



7 p^ 



a 



(17) 



where we have also used Qrno/nro = CLo/deq and pro = 
(1 + aNjj)p^o' The BDM particles are relativistic above 
Ec^ i.e for a < the number of 7Vex(<^ < <^c) = ^ex(<^c) 
remains constant as seen in Figdl This includes the time 
of BBN, so BDM must have N^^"" = 7Vex(ac). 



IV. RESULTS 

In this section we compute the values of the BDM 
parameters Xc and Vc form current cosmological data. 
We use the published values of A^eff to determine Xc and 
Vc at equality and BBN. From Eqs. (fTQ|) and ([TT]) . with 
deq <^o, we see that pbdmo and A^ex are determined 
only by the value of Xc = ^c^c and the amount of DM 
at present time l^bdmo- On the other hand, at BBN the 
amount of 1^ given in Eqs. (pT|) depends on l^bdmo, and 



also on Vc Therefore, we can constrain Xc and Vc using 
the value of A/'eff at these different epochs. 

We see from Table |T] that WMAP9, ACT and SPT re- 
sults have at la an A^ex > but Planck data has an 
Nex = at 1(7. However, the central value of Nex hints 
for a small amount of extra relativistic degrees of freedom 
and its value is highly dependent on Hq [H]. The larger 
Ho the more amount of relativistic degrees of freedom is 
required and therefore we present our results using dif- 
ferent sets of data. An N^^ > implies the need of extra 
relativistic particles for a CDM cosmology or a non van- 
ishing value of Xc in BDM. A small value of Aex requires 
a very small Xc and for Aex ^ 0.07 then Xc will be con- 
strained to be less than Xc < 2 x 10~^ (for Vc = 1 we 
get acjcLeq < 0.09) and if A'eff — A'l^ then Xc <C 10~^ as 
can be seen in Figl2l From Eq. (p!Q|) and FigHJwe see that 
we can get the same Xc with a combination of different 
values of Qrn and aeq. Hence, we use the results with the 
strongest constraints on Qrn^ namely, we use results from 
the combined data analysis of CMB, BAO and Ho when 
available, c.f. Table HI 

Using the relation between Aex and Xc in Eq. (fTT]) at 
equality epoch and Planck^ results, the cosmological ob- 
servations give a value 



4..13tlfs X 10" 



(18) 



Figl3] shows the 68% and 95% C.L. of Xc considering 
Planck data. The moment of the transition Xc can be 
determined by CMB observations by the amount of mat- 
ter, Clrn, and equality epoch, Zeq. The contours lie on the 
expected linear correlation between and ac given by 
Eq. (j3|) for which we take the value show in Table HI 
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We now constrain from BBN the value of Xc = ^c'^c 
and Vc using Eq. (fT7|) and (fH|) giving a value 



Vr 



(19) 



If we take the previous result on Xc (Eq. (fT8|) ) at equality 
we can determine the value of Vc- Notice that the depen- 
dence on Vc in Eq. (fT9|) is given by the quantity g{vc) = 
e^^l^ jvc which has a lower limit e^/^ = 1.64 < g{yc = 1) 
since the velocity must be between < Vc < I. There- 
fore, the central value of Eq. (p!9|) gives an upper value to 
Xc < 2.7 X 10~^ for Vc = 1 which is an order of magni- 
tude larger than Xc in Eq. (p!8|) . However, we expect to 
have < 1 if the BDM mass is due to non-perturbative 
physics as suggested for BDM. 

Consistency of BDM requires that the apparent num- 
ber of extra degrees of freedom at BBN is the same as 
at the time of the BDM at the transition ac, since BDM 
particles are relativistic for a < At a fixed value of 
Xc we have that Ne^{ac) and N^^"", in Eqs.mi) and (fTT)) . 
are only a function of v^ In Fig E] we plot the value of 
Nex{ac) and N^^^ as a function of Vc and the result for 
Vc at 7Vex(ac) = A^e^^^'' is shown in Table |TT1 for the differ- 
ent data. The extra radiation due to the BDM particles 
change the amount of neutral hydrogen produced at BBN 
epoch. 

The value of Yp can be predicted for the BDM model 
assuming that the apparent number of extra degrees of 
freedom evolves as in Eq. (pT]) . Replacing Aex(<^c) in 
Eq. (fT7|) we are able to constrain the value of Vc and 
Yp simultaneously knowing only the moment of equality. 
Therefore, BDM relates the amount of neutral hydro- 
gen produced at BBN with equality epoch, and vicev- 
ersa. In this case, taking Planck^ data (^eq = 3365) 
gives an N^^^ = 1.92 and Vc = 0.53 and BDM requires 
an Yp = 0.272 (within la C.L.), see Fig. [5l We would 
like to emphasis that the value of Yp and N^^^ is quite 
sensitive to Xc and for example if we take Xc = 10~^ then 
we get Yp = 0.256 and A^^bn = o.62. 

In Table mi we summarize the constraints on the BDM 
parameters Xc and Vc obtained directly from the Agfr 
and ^He using different previous results, such as Planck^, 
WMAP9, ACT, and SPT. As weh as the derived param- 
eters such as the moment, l-\-Zc = the energy of the 
BDM particles, Ec = Pc^^ (c.f. Eq.®), and the energy 
of the Universe E = p^^^^ with p the total energy density, 
the last two quantities at the moment of the transition. 
Notice that with Eq. (p!9|) and the constrain on Xc (c.f. 
Eq. (p!8|) ) we are able to derive the constraints of the cen- 
tral value of Xc = 4.13 x 10~^, Vc = 0.37. However, at la 
Planck data have that Ncx = therefore = is valid 
a la. Hence, the moment of the transition would only be 
constraint to Zc > 6445 and the energy of the Universe 
at E{ac) > 2.65 eV. In Figl6]we show the range of values 
at la and 2a (68% and 95% C.L. region) valid for Xc 
and Vc combining the two evidence for extra radiation, 
the one steaming from equality epoch and the amount of 
primordial ^He. 



TABLE II: We present the constraints on Xc and Vc as dis- 
cussed in Sec. [Ill and Hill using different result on A^eff and 
Yp (c.f. Table |l]). We also present the moment (zc) and the 
energy when the transition happens (Ec). Notice that in 
some cases the transition Zc < Ze^, however we expect these 
cases not to be valid in order to account for structure forma- 
tion. We present the minimum value for Zc and Ec for the 
Planck* data because no extra radiation is contained at Icr 
therefore the moment of the transition should be consistent 
with Xc ^ at Icr. 



Planck*'' WMAP9 



ACT 



SPT 



„ X 10^ 
A^i?" . . 



Vc 



+3.65 
4.13 
+ 1.5 
0.9 

0.37l«o;l? 



4.13 
0.9 



0.54l^o;fo 



Zc > 24217 15060 

Ec[eV] . . > 3.89 2.75 
E{ac)[eV] >9.01 5.93 



+2x10^ 
-1x104 
+2.12 
-1.77 
+5.77 
-3.9 



6 Q4+2.56 

o.26t°;}i 

^^^^^^-6x103 
+3.49 
-1.03 
+9.87 
-2.34 



o 9^+2.92 



6313 



+ 10^ 
-3x103 



2.38 
6.17 



1.32 
2.65 



+2.60 
-0.55 

+6.32 
-1.13 



^ This results considered Planck+WP+highL+BAO combined 
data. 



V. CONCLUSION 

Cosmological observations suggest the existence of ex- 
tra radiation, Aeff > A^^y, in order to explain CMB and 
^He measurements. Motivated by this lack of radiation 
in the standard CDM framework we have considered the 
BDM model, which may explain the need for an extra rel- 
ativistic component without introducing new particles. 

The BDM particles behave as radiation for scales 
a < ttc, while for a > ac these particles become non- 
relativistic due to a phase transition in which the par- 
ticles acquire a mass due to non-perturbative methods. 




(a) WMAP9 



X 10- 

(b) Planck^ 



FIG. 6: In this plot we show the range of values valid for Xc 
and Vc given the constraints of ^He and Zeq and using WMAP9 
(left panel) and Planck^ (right panel) data (c.f. Table (hJ. The 
purple and blue regions represent the C.L. (68% and 96%) 
obtained with A^eff (c-f- Sec lIV|) and ^He data, respectively. 
The orange region is where the result of both analysis overlaps. 
Notice that we cannot constrain the value of Vc using only the 
A'eff data. 
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when < 1, as protons and neutrons do. We expect 
this phase transition to be between BBN (E=0(MeV)) 
and matter radiation equahty (E=0(eV)). If £^ > MeV 
then our BDM wih be indistinguishable from CDM and 
for E < eV BDM would not be able to account for struc- 
ture formation. The evolution of the BDM energy density 
during this process is described by a time dependent EoS, 
'^bdm(<^)- The amount of radiation due to the transition 
of the BDM particles change as function of the scale fac- 
tor Pex{(i)^ c.f. Eq. (fT2|) . if this extra radiation is modeled 
as neutrino radiation this means that the neutrino rela- 
tivistic degrees of freedom will be also a function of the 
scale factor Ne^{a). 

Since we have a time dependent EoS then we cannot 
simply use pr = Pm to determine matter-radiation equal- 
ity. Instead we define equality when the total EoS is 
^tot = 1/6 which overcomes the fact that c^bdm is a func- 
tion of a and is also valid in the limiting case of the 
standard model. We conclude that the apparent num- 
ber of relativist ic particle, A^ex, is explained by a time 
dependent EoS of the DM without introducing new par- 
ticles, c.f. Secini For a phase transition ac <C aeq the 
amount of apparent extra relativistic degrees of freedom 
in our BDM model is small and for N^x < 0.07 one re- 
quires ac/aeq < 0.09 if = 1- The BDM particles also 
change the prediction of BBN for the abundance of the 
light elements, such as helium, by changing the radiation 
density thereby increasing the expansion rate of the early 
Universe, incidentally, observation also shows an excess 
during BBN which can be explained by the Dark Matter 
BDM particles. 

We compute the range of values for the transition 
epoch Xc = acVc and Vc using cosmological data which 
predict extra radiation. Table |TT] summarize the results. 
Using the latest result of Planck^, we conclude that the 
order of the transition should be Xc = 4.13(^413) ^ ^^"^ 



in order to explain the evidence of extra radiation at 
matter-radiation equality aeq. Using ^He results of the 
BBN we obtain equivalent constrain for N^^^ — 0.9^Q g. 
Combining both previous results we are able to constrain 
the velocity Vc = O.STtQ-J^, and therefore Zc > 24217 
and an E{ac) > 9.01. However, if the value of TVeff be- 
comes close to Niy^ i.e. A^eff — then Xc <C 10~^ and 
Zc > 10^ 

The BDM model also is able to explained the incon- 
sistency between the apparent extra degrees of freedom 
at equality and BBN epoch, A/ex(<^eq) 7^ ^e^^^ P^^" 
diet the amount of ^He given the moment of equality Zgq, 
and viceversa. From the assumption that equality occurs 
when cjtot = 1/6 we where able to compute how N^x is 
dependent of the scale factor, Eq. (pT]) . Combining this 
equation with the one obtained from BBN N^^"", Eq.([l7l), 
we where able to predict that the amount of ^He consis- 
tent with a Zeq = 3365 and Xc = 4.13 x 10"^ should be 
Yp = 0.272, which is conciliable within the la error of 
reported Yp = 0.26 but a slightly smaller Xc = 10~^ gives 
N^^"" = 0.62 and Yp = 0.256. 

We conclude that we can account for the apparent ex- 
tra Nex at equality and BBN epochs using only the BDM 
particles which have a time dependent EoS co'bdm(<^), with 
no need to introduce extra relativistic particles. How- 
ever, further analysis will provide us with a better un- 
derstanding of dark matter and the possibility that the 
dark matter mass is due to non perturbative physics. 
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